Human cytomegalovirus (HCMV) is the major viral cause of birth defects. Each year approximately 1 to 2% of all newborns are congenitally infected, and of these infants, 5 to 10% manifest signs of serious neurological defects (6, 8, 16, 31) . HCMV infection is also a major medical problem in immunocompromised individuals (8) .
Recent literature points to HCMV as a potential causative agent for the development of certain types of cancers including malignant gliomas, prostate carcinomas, and colorectal cancers (17, 35, 74) . Studies of HCMV infection in nonpermissive rodent cells indicate that the virus can act as a mutagen (1, 5, 78) . In fact, in permissive human cells expression of the immediate-early (IE) gene products by themselves can drive cells into S phase (57) . This has led to the suggestion that the IE proteins of HCMV may cause "hit-and-run" mutagenesis. In addition, our earlier findings showed that 15% of fibroblasts infected in S phase were specifically broken in the long arm of chromosome 1 when analyzed during the subsequent mitosis (28) . Due to the clinical ramifications of HCMV infection, the study of its interactions with the host cell, and particularly with the DNA damage machinery of the cell, is well warranted.
After penetration of the plasma membrane, components of the virion, including its 240-kb linear double-stranded DNA (dsDNA) genome (which consists of two unique coding sequences [U L and U S ] flanked by a series of inverted repeats [54] ), are rapidly transported to the nucleus, where viral transcription and replication take place (54) . A fraction of the input viral genomes are deposited at nuclear domain 10 (ND10) sites, and only these genomes express IE transcripts (37) , illustrating the importance of this localization in the establishment of a lytic infection.
It has been shown that circularization of the input linear viral genome occurs at approximately 4 h postinfection (p.i.), indicating a requirement for the assistance of some viral and/or cellular proteins to accomplish this task (52) . After circularization, herpesviral DNA replication is thought to proceed in a biphasic manner within virus-established replication centers in the cell nucleus. These centers progress from small foci (termed prereplication centers, visible between 12 and 24 h p.i.), to two larger foci located at the poles of the nucleus (48 h p.i.), and finally (during late stages of infection, after 72 h p.i.) to a single large focus, which covers the majority of the infected cell nucleus (66) .
The initial phase of infection is characterized by originspecific replication from the input circularized genome, which leads to single copies of the virus. Later during infection, a switch is made to a rolling-circle mechanism of replication, during which large concatemers of single-length units are formed. Homologous recombination occurs between concatemeric DNA, as evidenced by the observation of inversions of U L and U S genome segments in successive monomeric units. Recombination also appears to occur between free cleaved monomers and the concatemeric structure, producing the branched intermediate structures observed at later stages of infection (see references in references 19, 76, and 85) . It has been suggested that these recombinogenic structures may trigger a host cell DNA damage response during herpesviral replication (33, 43, 47, 80, 87, 92) .
The eukaryotic cell has two double-strand break (DSB) repair systems. The first pathway is homologous recombination (HR), and the second is nonhomologous end joining (NHEJ) (as reviewed in reference 48) . In all eukaryotic cells DSB sensing and cell cycle arrest are coupled to promote damage repair. The current understanding of this process in eukaryotes (as reviewed in reference 79) is that the Mre11-Rad50-Nbs1 (MRN) complex binds to the linear ends of the break, bringing them adjacent to each other, with each protein in the complex serving a distinct function (22, 36, 63, 88) . The Nbs1 protein appears to be the glue in this complex. Once Nbs1 is bound to the break site, it attracts a dimeric form of the ataxia telangiectasia mutated protein (ATM), the key transducing molecule for the DSB response. ATM is subsequently autophosphorylated and becomes disassociated to an active monomeric form (3) , which can then phosphorylate the histone variant H 2 AX (known as ␥H 2 AX) (64, 70) , marking the location of damage. ␥H 2 AX is thought to act as an anchor point for the MRN complex as well as for several other protein sensors involved in damage signaling, namely, 53BP1 and Mdc1. The focus expands as additional MRN complex, 53BP1, and other signaling proteins are then recruited in a sequential fashion to the site. The sensor proteins Nbs1 and 53BP1 are also substrates for the activated phospho-ATM (pATM) kinase, as are the downstream targets p53 and Chk2. Through the activation of p53, cells in G 1 can be arrested via p21 upregulation to allow repair, generally via NHEJ. In this case another trimolecular complex, known as the DNA-dependent protein kinase (DNA-PK) (82) , must be attracted to the site of damage. If cells are arrested via a DSB response in S or G 2 /M, the HR machinery, including Rad51 and BRCA1 and -2, is more likely recruited to the site.
The second type of damage response that viral replication can trigger is related to stalled replication forks, the main transducer of which is the ATM-Rad3-related kinase (ATR) (60, 77, 95) . Sensing the presence of single-stranded DNA coated with replication protein A (RPA), the small binding partner of ATR, ATRIP, helps to localize monomeric ATR to the site of damage. Further interactions with Rad9, Rad1, and Hus1 (the 9-1-1 complex) serve to fully activate ATR, which can arrest the cell by activation of its downstream effectors, p53 and Chk1.
Elevated steady-state levels of p53 are observed in many HCMV-infected cell types by 24 h p.i. (39, 42, 49, 56, 83) . However, p53 cellular targets are not activated after infection (7, 39) . We have proposed that sequestration of p53 into viral replication centers, which occurs relatively early (29) , provides a mechanism for silencing p53 activity during infection. We have also shown that the transactivation functions of p53 may be coopted by the virus (73) and that infection in the absence of p53 delays and reduces viral yields (11) .
It is clear from the literature that viral interaction with the host cell, whether upon initial entry or through successive rounds of replication, often triggers a DNA damage response. In the case of adenoviral infection, this response can be detrimental to virus replication and is dampened by virus-mediated degradation of the MRN components (84) . In the case of herpes simplex virus (HSV) type 1, an ATM-mediated damage response is evoked as soon as prereplication centers are formed (47, 80) . This response appears to be essential for productive replication of the virus, as viral titers are decreased in both ATM Ϫ and Mre11 Ϫ cells (47) . Polyomavirus also appears to require an ATM-generated S-phase arrest in order to replicate at its full capacity (20) , and there are reports that human immunodeficiency virus integration may depend upon the activation of ATM and/or ATR within the infected cell (21, 45) .
We have undertaken a thorough investigation of the response of the permissively infected fibroblast to HCMV infection. We have analyzed the interaction of the virus from the time of entry and viral deposition, through establishment of replication centers, and into late stages of infection. The novel technique of labeling viral DNA (72) to track input virus was used to visualize input viral DNA and colocalized cellular proteins, which may be aiding in circularization and/or involved in the DSB damage response. Our results indicate that after HCMV genome deposition and again after commencement of replication in permissive human foreskin fibroblasts (HFFs), damage responses are initiated. However, the virus is able to subvert these responses by thwarting relocalization of the necessary components sufficient to cause cell cycle arrest. In this way, optimal viral replication conditions are obtained.
MATERIALS AND METHODS
Cells and cell culture. Primary HFFs and T98G (human glioblastoma cell line, ATCC CRL-1690) cells were grown in Eagle's minimal essential medium (Gibco BRL) supplemented with 10% fetal bovine serum, penicillin (200 U/ml), streptomycin (200 g/ml), L-glutamine (2 mM), and amphotericin B (Fungizone; 1.5 g/ml). The ATM Ϫ cell line GM02530 (Coriell Institute for Medical Research) was grown in minimal essential medium supplemented with 15% fetal bovine serum and L-glutamine (2 mM). A-TLD1 (Mre11 Ϫ ) and A-TLD1/Mre11 (reconstituted with Mre11) cells (generous gifts from Caroline Lilley, Salk Institute of Biological Research) were cultured as previously described (47) , as were the BT leukemia cells (a generous gift from Susan Lees-Miller, University of Calgary) (44) . All of the cells were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Drug treatments. BT cells, used as a positive control for immunoblotting, were treated with doxorubicin (1 M) for 2 h to induce a DSB response and then harvested for cell lysate preparation (44) . For immunofluorescence positive controls, doxorubicin (10 M) was added for 1 h to HFF cells growing asynchronously. The cells were then washed with phosphate-buffered saline (PBS), and fresh medium was added for 4 h, after which cells were harvested, washed, extracted, and fixed as described below.
Virus infection. Cells were synchronized in G 0 (by either confluence arrest or serum starvation) so as to provide for synchronous infection as has been described previously (11, 29) and as judged by nuclear staining of pp65 and IE1 in Ͼ90% of cells by 12 h p.i. Both methods of synchronization gave essentially identical results. Cells were trypsinized and replated to 100-mm dishes at a density of 5 ϫ 10 5 cells/dish. After attachment (for 1 to 2 h), the cells were infected with HCMV (Towne strain ATCC VR977) at a multiplicity of infection (MOI) of 5 unless otherwise noted. The cells were then incubated with virus for 1 h to allow for adsorption, after which the inoculum was removed and cells were refed with growth medium. Cells were harvested at the indicated h postinfection. Bromodeoxyuridine-labeled HCMV (BrdU-HCMV) was prepared and detected as described previously (72) .
Immunoblotting. ) . The membranes were then incubated with antibody (Ab) for protein detection as previously described (11) .
Immunofluorescence analysis (IFA). T98G, ATM Ϫ , or HFF cells arrested in G 0 were trypsinized and replated to 100-mm dishes (5 ϫ 10 5 cells/dish) containing glass coverslips (poly-L-lysine coated for T98G). After infection the coverslips were harvested at 4.5 to 6 and 48 h p.i. and rinsed twice in PBS. Coverslips were fixed in methanol for use with the ␥H 2 AX, Chk2, Ku70/80 (at 48 h p.i.), and DNA-PK cs (at 48 h p.i.) Abs. All other coverslips were extracted first in a CSK buffer solution {10 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)], 100 mM NaCl, 300 mM sucrose, and 3 mM MgCl 2 } containing 0.5% Triton X-100 (50) . Cells were then rinsed in CSK twice and fixed with 3% formaldehyde in PBS (with 0.5 mM MgCl 2 and 0.5 mM CaCl 2 ) for 10 min. Incubation of coverslips with Abs was carried out as described previously (73) . The images were obtained by using a Nikon Eclipse E800 fluorescence microscope equipped with a Nikon DXM camera and Metavue software. Early colocalization studies were confirmed using a Zeiss LSM5 confocal microscope equipped with one argon and two HeNe lasers.
Antibodies. Primary Abs against DNA damage response proteins were as follows: mouse monoclonal anti-Rad50 (clone 13B3) and anti-ATR (clone 2B5) Abs and rabbit polyclonal anti-Nbs1, anti-pNbs1 (Ser343), and anti-Mre11 Abs (Novus Biologicals); anti-ATM rabbit polyclonal, anti-pATM (Ser1981) mouse monoclonal (clone 10H11.E12), and anti-53BP1 mouse monoclonal (clone 19) Abs (BD Bioscience, Pharmingen); anti-pp53 (Ser15), anti-pChk2 (Tyr68), antip53BP1 (Ser25/29), and anti-pChk1 (Ser317) rabbit polyclonal Abs and antipp53 mouse monoclonal Ab (clone 16G8) (Cell Signaling Technology); anti-␥H 2 AX (Ser139) polyclonal Ab (Upstate Biologicals); anti-Chk2 (clone 7), anti-p53 (clone DO-1), anti-DNA-PK cs (clone 25-4), anti-Ku80 (clone 111), and anti-Ku70 (clone N3H10) mouse monoclonal Abs (NeoMarkers); anti-ATRIP and anti-Chk1 rabbit Abs (Abcam). Primary Abs against viral proteins were as follows: anti-IE1 and anti-IE2 monoclonal Abs (kind gifts from Bill Britt, University of Alabama, Birmingham), anti-UL44 monoclonal Ab (RumbaughGoodwin Institute for Cancer Research), and UL112/113 monoclonal Ab (a kind gift from Masaki Shirakata, Japan). Rat anti-BrdU monoclonal Ab (Harlan Sera-Lab) was used to detect labeled viral particles as described previously (72) . Secondary Abs used were as follows: for immunoblot detection, horseradish peroxidase-linked sheep anti-mouse and donkey anti-rabbit secondary Abs (Amersham Bioscience); for IFA detection, tetramethyl rhodamine isothiocyanateconjugated anti-rat and anti-mouse immunoglobulin G1 (IgG1), IgG2a, and IgG2b (Jackson ImmunoResearch Laboratories) and Alexa Fluor 488-conjugated goat anti-mouse IgG1, IgG2a, and IgG3 (Molecular Probes).
Virus titration. Cells were seeded and infected at an MOI of 5 as described above. During each time course, duplicate infections were performed for each cell type and each cell type was tested at least twice. At the indicated times p.i., a small aliquot (150 l) of supernatant was harvested from each dish and stored at Ϫ80°C (with 1% dimethyl sulfoxide). Virus titers were then determined on HFFs using standard techniques. Plaques were counted at days 7 and 9 postplating, with multiple wells seeded for each dilution in the series, so that an average could be obtained for that dilution. The numbers for the duplicate infections within the experiment were then compared, and an average titer was derived. In ATM Ϫ cells low-MOI infections (0.25) were also performed, with aliquots removed between days 1 and 11 p.i. and titers determined as described above.
RESULTS
No relocalization to the site of viral deposition was observed in HFF cells for the double-strand break-sensing complex MRN at early times p.i. HCMV has a large linear dsDNA genome. In theory, once this genome enters a cell's nucleus its ends should be recognized as dsDNA breaks by the cell's damage machinery and trigger a DSB response. The MRN complex is essential in the DSB response as a primary sensor. To assess the activation of the DSB response pathway, G 0 -synchronized HFF cells were mock or virus infected with HCMV at an MOI of 5, and cells were harvested at the times indicated (between 0 and 12 h p.i.). We first assessed the steady-state levels of the MRN complex by immunoblotting (Fig. 1A) . Mre11 was detected as a doublet, while Rad50 and Nbs1 were distinct single bands. There were no appreciable differences in protein levels between the virus-and mockinfected groups during early times p.i. (4 to 12 h p.i.) for either Mre11 or Rad50. However in virus-infected cells both total Nbs1 and pNbs1 (Ser343) levels increased during early times p.i. (Fig. 1A) . This Nbs1 phosphorylation is typical of a DSB response, as can be viewed in the BT positive controls that have been treated with doxorubicin for 2 h to induce such a response ( Fig. 1A) (44) . This phosphorylation is generally carried out by an activated form of the transducing kinase, ATM (see below).
Phosphorylation of Nbs1 indicated a possible initiation of a DSB response, so we looked for relocalization of the MRN complex to the site of damage within the nucleus, as is required for a functional response (59) . IFA was used to detect localization of the MRN complex after 4 to 6 h p.i. All infections were performed at a high MOI to ensure that Ͼ95% of cells would be positive for the tegument protein pp65 within the nucleus after 4 to 6 h p.i. A low-magnification example of this staining is provided in Fig. 1B . In order to better visualize protein focus formation, cells were extracted with CSK buffer containing Triton X-100 prior to fixation, as has been previously described (50) . This extraction removes proteins that are not attached to the chromatin or scaffolding substructure of the nucleus and thus provides a clearer view of protein relocalization within this compartment.
We treated HFFs with doxorubicin to induce DSBs and provide a model of DSB damage protein relocalization (see Materials and Methods). Figure 1C (left panels) illustrates relocalization of Nbs1, as well as the additional sensing proteins 53BP1 and ␥H 2 AX, into the prototypical foci induced by doxorubicin treatment. No such relocalization was observed when dimethyl sulfoxide-alone control cells were examined (data not shown). As can be observed in Fig. 1C (right panels), all components of the MRN complex remained in the nucleus of infected cells and showed no change in localization from mock-infected cells at these early times p.i. Occasionally, small specks were observed in the nuclei of both mock-and virusinfected cells, particularly when Nbs1 localization was examined. However, these patterns were essentially identical for both mock and viral samples and were in agreement with what has been reported for unirradiated/uninfected cells previously (50, 53) . By 4 h p.i. ample time had elapsed for relocalization to occur; in fact, by 1 h p.i. the viral genome had been deposited into the nucleus of infected cells (72) . We therefore looked for foci at earlier times p.i. (1 to 4 h p.i.) and saw no relocalization occurring, nor did we see changes in protein levels in the sensing molecules or several other proteins ( Fig. 1D and E show examples). No relocalization was seen using an even higher virus input (MOI of 15) and harsher extraction conditions (53) (not shown). It appears that the main DSB damagesensing complex (MRN) does not detect input viral genomes at early times p.i. as measured by relocalization to the site of deposition. Although other sensing molecules formed foci, they did not appear to colocalize with input viral genomes at early times p.i. As there was evidence for active ATM within the virusinfected cells, we also investigated two other proteins involved in DSB sensing, 53BP1 and the histone variant H 2 AX, to look for changes in steady-state protein levels and localization. The histone variant H 2 AX comprises 2 to 20% of the H 2 A pool. It is a target of the ATM signaling kinase, and its phosphorylated form (␥H 2 AX) marks the chromatin on either side of a DSB in a region that can span up to 2 megabases (26). ␥H 2 AX interacts with Nbs1 in the MRN complex forming nuclear foci at DNA damage sites (41) and is believed to act as a nucleator/ scaffolding protein for several other DSB-sensing molecules, particularly at low levels of DSB development (12, 25) . It has been shown that even a single DSB can cause the induction of ␥H 2 AX foci (as reviewed in reference 26). Generally, high levels of ␥H 2 AX can be detected via immunoblotting upon its activation (71) . Figure 2A shows that although ␥H 2 AX was present at low levels, the steady-state level of ␥H 2 AX did not increase above that in mock-infected cells in the first 12 h p.i. (also Fig. 1D ).
53BP1 is another sensor of DSBs thought to relocalize quickly to the site of damage and be anchored there via binding to ␥H 2 AX (25, 91) . This protein can bind single-strand breaks, DSBs, and chromatin in vitro (38) and is a substrate for ATM. In the absence of 53BP1, some downstream targets of ATM are not phosphorylated, indicating the importance of this sensor for proper repair (4). The relatively high basal levels of 53BP1 did not deviate from those observed in mock-infected cells at early times p.i. (Fig. 2A) . We also checked for phosphorylation of 53BP1 on Ser25/29 and saw no changes in these levels in virus-infected cells compared to mock-infected cells (data not shown).
We then used IFA to examine the localization of these two proteins early in infection (Fig. 2C) . Even though only low levels of ␥H 2 AX were present in infected cells, this protein became transiently relocalized into diffuse foci between 4 and 6 h p.i. The quantity and size of ␥H 2 AX foci increased during this period until over 50% of the infected cells had detectable foci. Although ␥H 2 AX did form foci in mock cells, they were usually only single or double foci and very faint (Fig. 2B) , as opposed to the infected cells' ␥H 2 AX foci, which were larger, more numerous, and brighter (Fig. 2C) .
IFA of 53BP1 at early times showed no obvious differences between the mock-infected and virus-infected cells, with both groups displaying a wide range of staining patterns, from diffuse nuclear to multiple large foci in the nucleus (compare Fig.  2B and C) (2, 68) . Foci of 53BP1 have been reported previously in the literature in unirradiated cells, with the ratio of large to small foci changing as cells cycle from G 1 to S phase (2, 68) . Of particular note is that when virus-infected cells displayed large, diffuse ␥H 2 AX foci, they were always colocalized with 53BP1 foci.
The IFA staining suggested that at least a subset of ␥H 2 AX might be localized near viral genome deposition sites. Unfortunately, we have not been successful in staining ␥H 2 AX with the viral genome. We surmise that the acid treatment required for the exposure of BrdU residues may displace ␥H 2 AX from the DNA or alter the epitope required for Ab binding. However, costaining of 53BP1 with the input genomes (labeled with BrdU and detected using anti-BrdU Ab [72] ) indicated that this protein did not colocalize with viral genomes but was rather juxtaposed to a subset (Fig. 2C ). In addition, costaining of 53BP1 with other viral proteins involved in establishing the prereplication centers (IE2 and UL112/113) showed no colocalization with these proteins either ( Fig. 2C and data not shown). 53BP1 was juxtaposed to these viral proteins (and the input viral genome) when they were present. Similar staining for juxtaposition of ␥H 2 AX and IE2 was observed (not shown). In sum, no direct relocalization to the sites of viral deposition was observed for any of the DSB-sensing machinery within the first 6 h p.i.
No changes in phosphorylation status or localization of the main transducer of the DSB response, the ATM signaling kinase, were observed in the early times of HCMV infection in HFFs. Although the Nbs1 protein of the MRN complex was phosphorylated quickly after infection, we observed no distinct phosphorylation of the ATM signaling kinase at early times p.i. (Fig. 3A) . During the prototypical DSB response, ATM is recruited to the sites of DSB by binding to the MRN complex and is then activated through autophosphorylation on serine 1981 (3, 14, 24, 93) . Figure 3A shows that a clear basal level of pATM could be detected, but there was no increase in this level, or of total ATM levels, in the virus-infected cells at early times p.i. (also Fig. 1D ). This is in contrast to what is observed during HSV infection, where large increases in pATM (Ser1981) levels are observed very early p.i. (47) . Also unlike HSV, during HCMV infection, no relocalization into foci was observed for either total ATM or pATM compared to mockinfected cells at these early times (Fig. 3B and Fig. 1E ). One downstream effector of ATM was activated by viral infection at early times p.i. in HFFs. Since the immunoblotting results revealed a basal level of pATM that could be active in these cells, we investigated the activation of downstream effector molecules in the DSB response pathway in virus-infected cells. The checkpoint kinase Chk2 is a critical component of the signaling pathway following ATM activation. Steady-state protein levels of Chk2 and pChk2 showed no changes from those of mock-infected cells at early times p.i. (Fig. 4A) , and no foci were observed when a total Chk2 Ab was used to localize the protein (Fig. 4B) .
In dramatic contrast, total steady-state levels of the cellular transcription factor p53 were rapidly increased by 4 h p.i. and remained high throughout the entire infection ( Fig. 4C ; see also Fig. 6D ). Immunoblot analysis also revealed two distinct Ser15 phosphorylation events of the p53 protein, the first wave occurring between 4 and 8 h p.i. (Fig. 4C ) and the second starting between 18 and 24 h p.i. (data not shown).
IFA localization of p53 also displayed interesting results. p53 formed foci similar to those of ␥H 2 AX very early p.i., between 3.5 and 5.5 h p.i. (Fig. 4E) . These p53 foci were observed in approximately 30% of the infected cells at all times between 3.5 and 5.5 h p.i. and were not observed in mockinfected cells (Fig. 4D) . Staining for pp53 revealed that this form was also localized within these foci (data not shown). It is important that ␥H 2 AX and p53 foci did not colocalize but instead were juxtaposed in these cells (Fig. 4E) . Further examination of the localization of p53 revealed complete colocalization with two viral proteins, the IE2 transactivator (Fig.  4E ) and UL112/113 (not shown). IE2 and UL112/113 are believed to mark the sites of prereplication centers during these early times p.i., as ICP8 does during an HSV infection (66, 87, 92) . Infection with BrdU-labeled virus (72) allowed us to visualize p53 and the labeled genome in relation to each other. In cells exhibiting the p53 punctate staining pattern, the protein colocalized with approximately half the input viral genomes (Fig. 4E) . IE2 also colocalized with approximately half the genomes (data not shown). Thus, of the DSB pathway proteins, only p53 appeared to be specifically relocalized to the site of viral deposition at these early times p.i.
An assessment of the DSB repair machinery at early times p.i. revealed no changes. There are two evolutionarily conserved pathways, NHEJ and HR, for DSB repair. The NHEJ machinery was not activated in the early times of HCMV infection, with no differences in steady-state levels of any of the three components, Ku70, Ku80, and DNA-PK cs , compared to the mock-infected cells (Fig. 5A) . IFA of the three proteins (Ku70 and DNA-PK cs shown) at early times revealed no change in the diffuse nuclear staining patterns observed in both infected and mock-infected cells (Fig. 5B) . The HR machinery also does not appear to change in the early times of HCMV infection (4 to 12 h p.i.) as judged by the absence of an increase from the below-detectable steady-state levels of the crucial protein, Rad51, in a comparison of mock-infected to virusinfected samples (Fig. 5A ). This is in marked contrast to what is observed at late times p.i. (as seen at 24 h p.i. in Fig. 5A and in Fig. 6E ). IFAs were uninformative for Rad51 at these early times p.i. as no or very low protein levels were present. This very low level of protein is consistent with earlier reports of undetectable levels of protein in G 1 phase of the cell cycle, where our cells reside at this point p.i. (27, 53) . Taken together, our results analyzing early times p.i. indicate that although initiated, a prototypical and functional DSB damage response is not completed in response to the input viral genomes within the nucleus.
Steady-state-level changes occurred in many of the DSB DNA damage repair proteins in the latter stages of HCMV infection of HFFs. To investigate if the DSB DNA damage repair proteins were stabilized, activated, and involved in the later stages of HCMV infection, we performed immunoblot analysis of HFFs between 24 and 96 h p.i. (Fig. 6) . Analysis of the MRN sensor complex revealed substantial changes to all three proteins. Total Nbs1 and pNbs1 levels remained elevated, although there was a small decrease in the second beginning at 48 h p.i. (Fig. 6A) . In addition, Rad50 levels increased between 24 and 72 h p.i. and a shift to the slower- (13, 69) . When the additional sensor proteins ␥H 2 AX and 53BP1 were examined, significant effects were observed (Fig. 6B) . The level of ␥H 2 AX showed increases beginning at 24 h p.i. In contrast, the high basal level of 53BP1 in the virus-infected cells began to decline at 48 h p.i. and by 72 h p.i. was completely absent. Levels of p53BP1 declined as well, and a distinct band was no longer present after 48 h p.i. (data not shown).
Steady-state levels of the ATM transducing protein rose slightly above the basal levels seen in mock-infected cells beginning at 24 h p.i. (Fig. 6C ), but this change was not accompanied by any distinguishable increase above the basal level of pATM within infected cells. The downstream effector of ATM, Chk2, showed no distinct changes in total protein levels but did show an increase in the pChk2 (Thr68) level beginning between 48 and 72 h p.i. (Fig. 6D) . One of these phosphorylated forms of the protein migrated more slowly than pChk2 in our control doxorubicin-treated cells (which may indicate additional phosphorylated residues within the protein). As was illustrated earlier, total p53 had rapidly increased at 4 h p.i. and remained high throughout the rest of the infection, as did the Ser15-phosphorylated form of the protein (Fig. 6D) .
In examining the DSB machinery (Fig. 6E) , minor increases in both NHEJ proteins, Ku70 and Ku80, were seen beginning at about 48 h p.i. DNA-PK cs protein levels did not change until 96 h p.i., when a small decrease was observed. This last change in DNA-PK cs was in contrast to HSV infection, where the protein is rapidly degraded in some cell types (46, 62) . Rad51, a component of the HR machinery, had substantially increased steady-state levels at all late time points while the levels in the mock-infected cells remained essentially undetectable (except at 24 h p.i., where levels showed the indicative increase of wild-type [wt] cells moving into S phase [27] ).
During late time points replication of the virus converts to a rolling-circle mechanism, potentially leading to branched intermediates that could activate a stalled replication fork response within the cell. We therefore examined some of the components of this response at these later times p.i. (Fig. 6F) . The main transducing kinase for this type of damage response is ATR, which, in conjunction with its binding partner, ATRIP, relocalizes to the site of damage. ATRIP is attracted to the site by an excess of RPA bound to single-stranded DNA at the fork (60, 77, 95) . Activated ATR then acts through its effector molecules, p53 and Chk1, to arrest the cell so that repair can occur. The steady-state level of ATR increased at 48 h p.i., accompanied by a shift in mobility (Fig. 6F) . This shift may be due to phosphorylation, although levels of pATR (Ser428) did not appear to increase during infection (data not shown). Lev- els of ATR's binding partner, ATRIP, also increased in a coincident manner. The small shift in mobility of this protein indicated that an activating phosphorylation event had taken place (18) . Total levels of the downstream kinase Chk1 also showed variation, and the protein showed an additional slower-migrating form phosphorylated on Ser317 beginning at 48 h p.i., indicating an initial activation of this pathway.
Association of the DNA damage proteins with HCMV replication centers. As there were changes in levels and phosphorylation patterns of many of the proteins involved in both the DSB and stalled replication fork responses to damage at later times p.i., we next examined where these proteins were located. We examined the infected cell nucleus to ascertain these proteins' proximity to the replicating viral genomes. Arrest of viral replication should occur only if these cellular proteins were localized with the virus. Therefore, association of DNA damage proteins with HCMV viral replication centers was investigated at 48 h p.i., when replication centers were clearly formed and visible. Except where noted in Materials and Methods, extraction in CSK buffer procedures was utilized to clearly visualize the replication centers and proteins localized within them. Viral replication centers were visualized in all cells by costaining with either UL44 (the viral processivity factor) or UL112/113, which is essential for viral replication and localized within the replication centers (29, 61, 66) . In general, we categorized the localization of DSB and stalled replication fork repair proteins within the replication centers into four groups. Mock and viral staining patterns of one member from each group are shown in Fig. 7A . Localization of all other proteins tested can be seen in Fig. 7B (virus-infected cells only). The groups were as follows. Group 1 consisted of strongly sequestered proteins (p53, Nbs1, Mre11, Rad50, ATRIP, and Chk1); this category was defined by clear, strong staining within the replication centers and complete colocalization with the viral protein control. All components of the MRN complex were sequestered into the viral replication centers as were ATRIP and Chk1. Group 2 consisted of weakly sequestered proteins (ATM, pATM, Chk2, and ␥H 2 AX) that were all localized within the nucleus, with only partial (weak) sequestration into the viral replication centers. Group 3 showed diffused localization (Rad51 and 53BP1); these proteins showed no specific relocalization into the replication centers but were diffused throughout the nucleus. In group 4, proteins (Ku70 and Ku80, DNA-PK cs , and ATR) were specifically excluded from the viral replication centers although some did stain the rest of the nucleoplasm at late times (as illustrated by Ku70 colocalized with UL44 [ Fig. 7A]) . Although ATR exhibited a diffuse staining throughout the nucleus if fixation was performed prior to extraction (as seen for Rad51 in Fig. 7A ), when extraction was performed first, staining within the nucleus almost completely disappeared (Fig. 7C) , indicating a very loose association with the nuclear compartment. Late-stage staining indicated that there was no specific localization of the entire pathway of proteins for either DSB or stalled replication fork distress within the viral replication centers, rather only a weak relocalization and sometimes a complete exclusion of many of the components. This is a likely explanation for the lack of a functional damage response in these cells.
DNA damage proteins were not activated by HCMV infection in T98G cells. T98G cells are glioblastoma cells that harbor a mutant p53 protein (89) . This cell line is semipermissive for HCMV infection (40) , as would be expected given our previous results showing that p53 plays an important role in HCMV replication (11) . Despite their mutagenic profile, T98G cells are capable of mounting a DSB damage response (81) . G 0 -arrested T98G cells infected at an MOI of 5 with BrdU-labeled HCMV displayed labeled HCMV genomes in approximately 90% of the cell nuclei by 6 h p.i. (Fig. 8A, top  panels) , indicating no block to viral deposition within the nucleus. HCMV IE1 gene expression was somewhat delayed in these cells, but approximately 30% of the cells showed IE1 staining by 72 h p.i. (Fig. 8A, bottom panels) . We assayed several of the DSB DNA damage response proteins by immunoblotting in these cells. Nbs1/pNbs1, Mre11, ␥H 2 AX, 53BP1, and ATM/pATM levels showed essentially no differences over the duration of the infection compared with the mock-infected cells (Fig. 8B) . At the later time points assayed (72 and 96 h p.i.), p53 and Ku70/80 total protein levels increased slightly compared to the mock-infected group, but there was no pp53 signal in either the HCMV-infected or the mock-infected group (data not shown). This suggested that no damage response was initiated in cells that were not actively replicating HCMV, although they were fully capable of mounting a DSB response (81) .
Key DSB-sensing and transducing proteins were not needed for HCMV replication. In order to investigate the role of ATM in the initiation of a DNA damage response, several different ATM Ϫ cell lines (GM02530, GM02052, and GM03487) were used. All lines behaved similarly, and data for one (GM02530) are shown. G 0 -synchronized ATM Ϫ and HFF cells were infected at an MOI of 5, and supernatants were harvested at 72 and 96 h p.i. for determination of virus yield by plaque assay. The virus yields in HFF cells were slightly higher than those in the several ATM Ϫ cell lines tested. Results for two separate experiments between GM02530 and HFFs are shown in Fig.  9A . The opaque bars in the figure represent the average titers for these two experiments at key time points. Average differences were not more than 2.5-fold and were therefore considered equivalent. It should be noted that experiments performed at a low MOI (0.25) gave very similar results with respect to average differences between the two cell types (data not shown).
To investigate if the early-and late-stage changes observed in the HFFs could be due to activation via ATM, we looked at steady-state protein levels by immunoblot assay for several key proteins in the ATM Ϫ cells (Fig. 9B ). There were no differences between virus-infected ATM Ϫ and HFF cells in their levels of total Nbs1. However, in the absence of ATM, Nbs1 was not phosphorylated at any time p.i., indicating that the basal level of pATM was sufficient to cause phosphorylation in wt HFFs. Both p53 and pp53 levels were higher in virusinfected HFF cells than in ATM Ϫ cells at early infection times (8 to 24 h p.i.). After 24 h p.i. the two cell types showed equivalent levels of these proteins (Fig. 9B) . The delay in the phosphorylation of Ser15 is noteworthy, as this is thought to be ATM dependent. Early-stage phosphorylation of p53, as with Nbs1, can also occur via the basal level of pATM in these HFFs. Late-stage phosphorylation events involving p53 were VOL. 81, 2007 HCMV DISRUPTS DAMAGE RESPONSES 1943 on clearly dependent upon another kinase in these cells, possibly ATR. ␥H 2 AX and pChk1 levels did not vary in the absence of ATM. This indicated that an alternate kinase was responsible for these phosphorylation events (see below). Interestingly, only the slower-migrating form of Chk2 was present in the absence of ATM, indicating the action of multiple kinases within the wt cells.
Localizations of the DNA damage proteins in ATM Ϫ cells were similar to those in HFF cells. Both ␥H 2 AX and p53 showed similar staining patterns in HFF and ATM Ϫ cells at early times p.i., with both proteins showing punctate localization patterns in the infected ATM Ϫ nuclei at 4 h p.i. (Fig. 9C ). Later during infection (48 h p.i.) in ATM Ϫ cells, p53 colocalized with the viral replication protein UL44 within the replication centers, similarly to HFFs (Fig. 9C) . Also, in ATM Ϫ cells all components of the MRN complex were sequestered into the viral replication centers at late times (data not shown).
To investigate the influence of damage-sensing proteins on the HCMV life cycle, G 0 -synchronized A-TLD1 (Mre11-knockout cells) and A-TLD1/Mre11 ϩ cells were infected with HCMV at an MOI of 5 and viral yields were determined at 72, 96, and 120 h p.i. The difference in virus yield was no higher than threefold between the Mre11 ϩ and Mre11 Ϫ cells at all three time points (Fig. 9D) . Our results indicate that unlike an HSV infection, neither ATM nor Mre11 was needed for a productive HCMV infection.
DISCUSSION
Many viruses interact with the DNA damage machinery of their host cells after entry. We have investigated the interaction of HCMV with its permissive host cell at two distinct times p.i. We have looked at early times (between 4 and 12 h p.i.) to investigate whether the large linear dsDNA viral genome invoked a DSB response upon entry into the host. We have also investigated later times p.i. in order to see whether viral replication would elicit a damage response due to the presence of DSBs or unusual recombination intermediates. We have observed many changes in steady-state protein levels, phosphorylation patterns, and localization of proteins. However, it appears that a fully functional damage response is not mounted due to insufficient relocalization of all of the components necessary to inhibit replication to both the sites of early deposition and viral replication centers.
Early events: initiation of a DSB response is disrupted. We have not observed any relocalization of the primary DSBsensing molecules, the MRN complex of proteins, to the sites of viral genomes within infected cell nuclei ( Fig. 1C and E) . Our representative images were taken between 4 and 6 h p.i.; however, we also looked at both earlier (1 to 4 h p.i., Fig. 1E ) and later (13 to 17 h p.i.) times. We also varied our experimental conditions using higher viral loads (MOI of 15) and with harsher extraction techniques (53) to try to visualize relocalization of this complex to foci (data not shown). We saw no change in patterns from the mock-infected cells. Further, when cells were costained for the MRN proteins and BrdUlabeled virus, no relocalization of the complex to the sites of viral genome deposition was seen (not shown). This is in contrast to HSV infection, in which rapid relocalization to the site of prereplication centers occurs (47) . Although localization of these proteins did not change, there was a large increase in both total Nbs1 and pNbs1 during the first 12 h p.i. (starting at 4 h p.i. [Fig. 1A] ), which indicated an initiation of the DSB damage response. The increases observed in total Nbs1 concentration are not consistent with the literature, where there are no reports of increases in steady-state levels of any of the MRN proteins after DNA damage. However, the timing of phosphorylation of Nbs1 that we observed (apparently via ATM) was completely within the parameters of what has been reported previously (13, 51, 53, 58, 59) . Effective activation of the complex requires its relocalization to the site of damage (59), which was not observed. Perhaps a viral protein(s) is binding to this active form of Nbs1 and preventing its relocalization to the site of deposition. We intend to investigate this further in future studies.
Within the very narrow window of 4 to 6 h p.i. large and loosely formed ␥H 2 AX foci were observed in infected cell nuclei (Fig. 2C) . Even though no increase in the protein level was observed at early times, there was relocalization of the basal ␥H 2 AX observed in these cells. Cells were stained at both earlier (1 to 4 h p.i.) and later (12 to 18 h p.i.) times p.i., and no ␥H 2 AX foci were observed outside this period (data not shown). Compared to the literature, this time frame for relocalization is consistent but appears to be of relatively short duration (10, 15, 25, 64, 75) . These foci completely colocalized with 53BP1 foci within the infected cell nuclei at 4 to 6 h p.i. This is also consistent with the literature, which points to a codependence between 53BP1 and ␥H 2 AX with respect to localization after damage. In a prototypical response, relocalization of 53BP1 to damage sites is dependent upon ␥H 2 AX, particularly when the level of damage is low (12, 25, 91) . Importantly, these 53BP1/␥H 2 AX foci did not colocalize with either viral genomes or viral early proteins which mark the site of prereplication centers, nor with cellular p53 foci ( Fig. 2C  and 4E ), but were juxtaposed to the p53 sites in some cases. It is tempting to speculate that the juxtaposed sites are those of active viral transcription, since this occurs only at a subset of deposited genomes (37) .
The other protein that undergoes dramatic changes at early times p.i. is the downstream effector molecule p53. With this protein, we saw a very rapid induction of both total p53 and pp53 steady-state levels in our infected cells (starting between 3 and 4 h p.i.) (Fig. 4C) . We saw two distinct waves of pp53 (on Ser15), the first at 4 to 10 h p.i. and the second after 21 h p.i. The first wave is apparently dependent upon ATM signaling, as it was not observed in ATM Ϫ cells (Fig. 9B) . The most interesting observation regarding p53 at early times p.i. was that it seems to be the only protein within the damage cascade that did relocalize (during the narrow window of 3.5 to 5.5 h p.i.) directly to sites of viral genome deposition (Fig. 4E) . During this period p53 completely colocalized with two important viral proteins (IE86 and UL112/113), which are intimately involved in establishing the viral replication sites during this time frame (61, 66) . This juxtaposition of p53 foci with the input viral DNA suggests another function for p53 in the viral life cycle. There is increasing evidence that p53 may directly influence DNA repair itself, first by binding to damaged regions of DNA in a nonspecific manner with its C-terminal domain (94) and then by recruiting the repair machinery to the site via proteinprotein interactions. Very relevant to our studies is a report suggesting that p53 can itself augment NHEJ activity in damaged cells in a C-terminus-dependent fashion (86) . p53 may be binding to the ends of the input virus through its ability to bind nonspecifically to DNA ends, thereby aiding in early circularization of the viral genome. Noteworthy is that the time at which p53 foci were observed corresponds with the reported timing of circularization of the input genomes (52) . We have studies currently under way to explore this possible role for p53 at the early stages of infection.
Interestingly, despite levels of pATM (Ser1981) that did not increase above basal levels during infection (Fig. 3A and 6C) , we saw ATM-dependent phosphorylation of targets such as Nbs1 and p53. Apparently, in our cells enough endogenous pATM exists to carry out these important activation functions of ATM. Alternatively, there is another phosphorylation site (as has been suggested in the literature [79] ) that has been activated in response to infection. In fact, a very recent report suggests that, at least in mice, phosphorylation of ATM is not essential for its activation, relocalization, and subsequent phosphorylation of downstream targets (65) . Normal DSB induction leads to rapid increases in phosphorylation at Ser1981 (3, 13) and movement of ATM and its downstream target Chk2 to the site of damage (90; reviewed also in reference 79). We did not see relocalization of either ATM or Chk2 at early times p.i. (Fig. 3B and 4B) . Relocalization of both p53 and ␥H 2 AX was not ATM dependent, since both proteins relocalized normally in the ATM Ϫ cells (Fig. 9C ). This points to relocalization by a different mechanism at early times p.i.
Late events: although many damage proteins displayed changes at late times p.i., completion of a damage response did not occur. All of the changes that we observed at late times p.i. appeared to require replication of the viral genome, as they were not observed in T98G cells, which are semipermissive for viral infection (Fig. 8) . All three proteins of the MRN complex showed changes in their steady-state protein profiles at later times p.i. (Fig. 6A ). During these late times, levels of total Nbs1 and pNbs1 remained elevated, although pNbs1 declined slightly by 48 h p.i. High levels of total Nbs1 and Rad50 could be due to the strong sequestration of this entire complex into viral replication centers beginning between 24 and 48 h p.i. (Fig. 7A and B) . Also of interest was the shift in molecular weight of Mre11 beginning at approximately 48 h p.i. (Fig. 6A) . We believe this is a phosphorylation of the protein, which can be mediated either by ATM (13) or by an ATR-mediated replication fork response (see below) (69) . The MRN signaling complex has been implicated in the initiation of both ATMand ATR-mediated responses to damage (reviewed in references 60 and 79), and its close proximity to replicating viral DNA may continuously signal for a response to apparent damage within the cell. The phosphorylation of Mre11 did not aid or inhibit viral replication. This was demonstrated by the absence of differences in viral titers when Mre11 Ϫ A-TLD cells were infected at a high MOI and compared to their reconstituted counterparts (Fig. 9D) .
The other components of the DSB response signaling machinery also showed notable changes at late times p.i. Unlike at early times p.i., the steady-state levels of ␥H 2 AX increased in the late stages of HCMV infection (Fig. 6B) . It was clear that these ␥H 2 AX increases were driven by viral replication, since they were not observed in T98G cells (Fig. 8B) . In addition, they were not ATM dependent, as they occurred in the absence of ATM (Fig. 9B) . The increases may have been generated by a stalled replication fork response within the viral replication centers. This response may be generated by the activation of ATR, which can phosphorylate ␥H 2 AX (32, 90) . Future experiments will test the role of this alternate kinase in this and other late-stage phosphorylation events. This activa-VOL. 81, 2007 HCMV DISRUPTS DAMAGE RESPONSES 1947 tion of ␥H 2 AX appears relatively protracted, and although reports in the literature vary with respect to this aspect of activation (10, 15, 64, 75) , generally if the response is prolonged it is thought to signal irreparable damage (75) . ␥H 2 AX localization was within the viral replication centers and was also located outside these centers, in the nucleoplasm proper (Fig. 7B) . ␥H 2 AX may be signaling distress in the cellular DNA at these late times p.i., given that dramatic changes to the cellular DNA must occur for marginalization of the chromatin to the periphery of the nucleus (55) and that at late stages of infection, breaks and pulverization of the cellular DNA do occur (30) .
Beginning at approximately 48 h p.i., the total level of 53BP1 began to decline and by 72 h p.i. 53BP1 was nearly absent from the infected cells (Fig. 6B) . This degradation was dependent upon viral replication, as it did not occur in the T98G cells (Fig. 8B) . There was no specific localization of this protein within the nucleus at late times p.i. as shown by the very diffuse staining, with little or no specific sequestration into the viral replication centers (Fig. 7B) . The lack of sequestration may render this protein vulnerable to degradation. It has been reported that some ATM substrates are not phosphorylated in the absence of 53BP1 (4), which could partially explain the ineffective response mounted against viral infection. Unlike during HSV infection, there was no apparent increase in the level of phosphorylation of 53BP1 on Ser25/29 (data not shown). However, it is clear from the literature that phosphorylation is not essential for relocalization of this protein into damage-induced foci (91) .
Beginning at approximately 48 h p.i., there were slight increases in steady-state levels of total ATM in infected cells (Fig. 6C) . However, pATM (Ser1981) levels never increased above the endogenous background levels observed throughout the mock infection. Localization of this protein, as well as its target Chk2, at late times p.i. showed a partial sequestration within the viral replication centers (Fig. 7A and B) . This was in contrast to what has been previously reported in the literature for HCMV infection (33) , where exclusively cytoplasmic sequestration for both ATM and Chk2 was reported. The infection conditions used in these previous studies were very different from ours, including the method of fixation for IFA. We used an extraction procedure prior to fixation to more clearly view nuclear architecture. The cited report stated that ATM exclusively localized in the juxtanuclear compartment (33) . The extraction procedure that we used did not entirely remove viral proteins (for example the tegument protein pp65) from this compartment (data not shown). Regardless of whether the extraction procedure that we used removed ATM localized in the cytoplasm, ATM was observed in the nucleus at late times p.i. Despite these observational differences, our ATM Ϫ cell studies showed that this protein (and its activating capabilities) was not required and did not in any way impede the progress of infection (Fig. 9A) .
In infected cells the increased steady-state total p53 and pp53 levels remained high throughout the later times p.i. (Fig.  6D) . We know from our previously published data that p53 is highly sequestered into viral replication centers at these later times, and we have shown that p53 binds differentially to the viral genome in at least 14 different sites (73) . p53 is a necessary component for a fully permissive infection in HFFs, given that we have shown decreased and delayed virion production in its absence (11) . Late-stage phosphorylation events did not appear to be ATM dependent, as shown by their occurrence (with slight delays) in ATM Ϫ cells (Fig. 9B) . Again, ATR may be phosphorylating this key protein in the later stages of infection. To address this issue in the future, we plan to use short interfering RNA knockdown of ATR in an ATM Ϫ background. The close proximity of the MRN complex, RPA, PCNA, and the key ATR-positioning protein, ATRIP, to the viral DNA (Fig. 7A and B) (23, 29) could provide the signaling needed for replication fork stalling in these centers. ATR's downstream kinase, Chk1, was tightly associated with the replication centers at late times (Fig. 7B) , and its steady-state levels slightly increased in infected cells (Fig. 6F) . Indeed, we did see increases in ATR at late times p.i. (Fig. 6F ) and an appearance of more slowly migrating forms. This indicated a phosphorylation event, followed by phosphorylations of ATRIP and Chk1. Despite this typical cascade, the exclusion of ATR from the viral replication centers prevented a fully functional replication stress response ( Fig. 7B and C) .
We feel it is noteworthy that at late times in HCMV infection there were distinct changes in the damage repair machinery itself. While steady-state levels of Rad51 were dramatically increased over mock levels at late stages of infection (Fig. 6E) , unlike with HSV (87, 92) , there was no clear sequestration of this protein, indicating that it was not active on viral genomes (Fig. 7A) . The literature is clear that although foci are formed in response to damage, steady-state levels of Rad51 do not generally increase in normal cells (34, 53) . Raderschall et al. reported seeing increases in Rad51 levels in tumor cells and indicated that this may lead to increases in unscheduled HR and genetic instability (67) . The high levels of Rad51 over extended periods of time in the region of cellular DNA may be signaling the presence of extensive damage in this DNA at late times p.i.
There were small increases in steady-state levels of both Ku proteins in infected cells during late times p.i.; however, they were not dramatic and were on par with what has been observed for Ku70 after irradiation (9) . No changes were observed for the catalytic subunit of the complex, in contrast to what is sometimes observed with HSV infection (46) . The notable observation that we made of this complex was that unlike HSV (87) , HCMV completely excludes all three subunits from the viral replication centers (Fig. 7A and B) . If the virus were replicating via a rolling-circle mechanism and cleaving single length units, it would, in essence, be generating DSBs. The NHEJ machinery would reanneal these if it were present and would dampen viral processing and production, which is what is observed in HSV infection (87) . We propose that HCMV changes the localization of the NHEJ proteins to prevent this from occurring.
DNA damage responses are disrupted by HCMV. Although the entrance of the HCMV genome into the infected cell nucleus initiates a DSB response, the virus is able to inhibit the full completion of this response. Whether there is active avoidance via viral/cellular protein-protein interactions to prevent colocalization of the sensing machinery to the site of viral genome deposition must be determined. It is clear that degradation of this machinery (as occurs with adenovirus infection [84] ) does not occur. Also, there is not strong relocalization of all of the necessary components to the site of replication at later times, but rather a sieving process occurs. This allows only certain proteins to be specifically sequestered and allows others to be particularly excluded. Many other viruses (HSV, polyomavirus, and human immunodeficiency virus type 1) appear to require the activation of ATM and/or Mre11 for a fully permissive infection to ensue. HCMV differs in that the initiation of a damage response does not appear to be necessary nor is it detrimental to infection at a high MOI, since neither ATM nor Mre11 is needed for full virus replication and production. We feel that by manipulating localization, HCMV subverts the full activation of an S-phase checkpoint and arrest of all replication within the cell, which would be disastrous for the virus.
